Oil-in-water nanoemulsions (NEs) were produced in a dead-end stirred cell setup for the first time using bespoke anodic alumina membranes (AAMs). The regular pore structure and narrow pore size distribution of AAMs enabled the formation of NEs with narrow size distributions. Rotational speed and membrane pore size were the key parameters in controlling the droplet size, with droplets as small as 144 ± 18 nm obtained using a membrane with a pore size of 58 ± 6 nm. Low values of the droplet diameter-to-pore diameter ratio, ranging from 1.8 to 3.5 were obtained, compared to typical literature values of ~10. Literature droplet size prediction models for microemulsions overestimate results by up to ~ 600 %, whereas a model developed by the authors for NEs is much closer to experimental values. These results show that stable and controlled NEs can be produced for a variety of applications -ranging from consumer products to materials manufacturing -and, potentially, at large scale.
Introduction
Nanoemulsions have been considered for a wide range of promising applications due to their optical transparency, their high surface area and their kinetic stability. These applications include, among others, an enhanced bioavailability of lipophilic compounds as drug delivery systems in the pharmaceutical industry;
1 the incorporation of nutraceuticals, vitamins, colours and flavours in the food and cosmetic sectors; 1 pesticide formulations; 2 and as a reactor media for the production of nanoparticles. 3 A NE is a two-phase system of immiscible liquids in which one liquid is dispersed as small droplets in the other one. 4 NEs can be distinguished by their preparation methods, their physical properties and their kinetic stability. 5 However, the size boundaries of NEs are not clearly defined, with some defining NEs having dispersed phase diameters from 20 nm to 200 nm, 6 while others set 500 nm as an upper diameter limit. 7 Furthermore, NEs can be prepared by lowenergy and high-energy methods. The former are non-mechanical processes where the NE formation is caused by a sudden change in the composition or temperature. 8 On the other hand, high-energy methods require a considerable energy input to produce the emulsion and include rotor-stator and ultrasound systems, high-pressure homogenizers and microfluidizers. 5 Membrane emulsification (ME) is a low-energy mechanical process, with several advantages compared to high-energy ones: First, the dispersed phase droplets are generated by the permeation of the disperse phase through the membrane pores, and not by the disruption of a coarse emulsion, which leads to the production of droplets with narrower size distribution. In addition, ME requires lower energy inputs in the order of 10 4 -10 6 J/m 3 compared to other methods requiring 10 6 -10 8 J/m. 3, 9 Finally, the size of the resulting dispersed phase droplets is 3 mainly determined by the membrane pore size and the fluid dynamics of the system, both of which can be well controlled.
It has been widely reported that a linear relation exists between the membrane pore diameter and the average droplet diameter in ME:
where Dd is the average droplet diameter, Dp is the average pore diameter and c is a proportionality constant related to the membrane structure and material. Reported c values range between 2 and 10 for Shirasu Porous Glass (SPG) membranes and from 2 to 50 for other types of membranes with a less regular pore structure. 10 Droplets smaller than the membrane pore (with a fractional c value) have also been obtained using a tubular SPG membrane, but with a wide size distribution. 11 SPG membranes are the most extensively explored material in ME. They are hydrophilic membranes with low tortuosity and interconnected pores ranging from 0.05 to 30
µm.
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Anodic alumina membranes (AAMs) can be described as highly ordered porous structures in a hexagonal arrangement with narrow pore size distributions. 12 They are synthetized by the electrochemical oxidation of aluminium in mild anodization conditions. 13 One of their main features is that pore size can be tuned by altering the anodization conditions from about 5 to 300 nm, depending on the anodization voltage and electrolyte type. 12, 14 Moreover, the low porosity of AAMs, 8 -30 %, 15 compared with 50 -60 % for SPG membranes, 10 reduces the risk of coalescence between droplets, making it possible to achieve monodispersed emulsions. These characteristics, and the fact that they are hydrophilic, 16 
Droplet detachment model
The production of a dispersed phase droplet in ME involves two stages, droplet growth and droplet detachment, 18 where the final size of the droplet is dependent on a balance of the forces acting on the droplet during both stages. The interfacial tension force, Fγ, representing the adhesion of the dispersed phase at the edge of the pore, is:
where γ is the interfacial tension force and rp is the pore radius. The drag force, FD, caused by the movement of the continuous phase at the edge of the membrane pore and the main force responsible for the detachment of the droplet is:
where rd is the droplet radius, kx is a correction factor and τ is the shear stress. The buoyancy force, FB, caused by the difference in density between the continuous and the dispersed phase is expressed as:
where, g is the gravitational constant and ρc and ρd are the densities of the continuous and the dispersed phases, respectively. The inertial force, FI, is produced by the flow of the dispersed phase from the pore tip:
where vd is the velocity of the dispersed phase within the pore. The static pressure force, Fst, is due to the pressure difference between the dispersed phase and the continuous phase at the membrane surface:
For droplets in the micrometre range, inertia and buoyancy forces are approximately 9 and 6 orders of magnitude smaller, respectively, than interfacial and drag forces. 19 Therefore, they are generally neglected from force balance models. Modelling of nanoemulsions produced via ME has shown, on the contrary, that these have to be considered for the models to more accurately predict the experimental conditions. 20 While most publications on ME reported using a crossflow configuration, 21 Kosvintsev, et al. 22 introduced the concept of a batch stirred cell for the production of emulsions with dispersed phase droplets in the micrometer scale, using a paddle-blade impeller. In a stirred tank, the shear stress has a radial profile, having their highest value at the critical radius (rc). Along this shear stress profile, there are two regions: The first one for positions r < rc, is a forced vortex region, which exhibits a rigid-body motion with an angular speed of the impeller (ω); the second is a free vortex region for, r > rc, in which the angular momentum (rτ) is constant. 22 The position of the critical radius can be found based on Yamamoto's method reported by Nagata: 
where D is the impeller diameter, TD is the tank diameter, b is the blade height, nb is the number of blades and Re is the Reynolds number:
where ω is the angular speed and µ is the viscosity of the continuous phase. For each region, the shear stress at the membrane surface can be calculated using the equations:
where the boundary layer thickness is defined using the equation:
While the above equations are specific to a paddle-blade configuration, other paddle geometries, including a disk-type stirrer have also been considered in the literature. 24 In the present work, the fabrication of NEs in a stirred cell reactor using bespoke AAMs is reported for the first time. Oil-in-water NEs, consisting of sunflower oil and deionized water (DW) as dispersed and continuous phase, respectively, were prepared. The effect of the membrane pore size, injection rate, type of surfactant, rotational speed and surfactant addition in both phases was evaluated to achieve the formation of nanoemulsions with a narrow droplet size distribution. The stability of the NEs was monitored using dynamic light scattering. Finally, the experimental results were compared with droplet size estimation models available in the literature to understand the mechanism involved during the droplet formation at the nanoscale. 
Membrane fabrication
Flat disc anodic alumina membranes were produced via a two-step anodization process. The anodization was carried out under potentiostatic conditions using oxalic acid as electrolyte and varying voltage and temperature to achieve different membrane pore sizes. A detailed description of the synthesis of AAMs can be found in the supplementary information. The final diameter of the AAMs was 10 mm; to place the membrane inside the emulsification rig, the membrane was glued between two flat outer diameter 13 mm silicone gaskets, the final active membrane diameter for the emulsification experiments was 6 mm. The morphology of the AAMs was studied via FESEM (JEOL JSM 6330F) and the obtained micrographs were analysed using an image processing software (ImageJ) to determine the average pore diameter, interpore distance, porosity and pore density. shown in Figure 1b . The molecular weight and HLB value of the surfactants used can be found in Table 1 .
Results and discussion

Membrane morphology
One of the main reasons why AAMs are a very attractive material for nano-applications is the high pore regularity and the close-packed arrangement that can be obtained under specific reaction conditions. 14 15 The best results in terms of pore size regularity were achieved for membranes fabricated at 40 V with oxalic acid where a self-organised pore arrangement and ideal honeycomb structures are obtained. 27 For example, by synthetizing an AAM when a 40 V potential is applied, a 58 ± 6 nm mean membrane pore size was obtained (Figure 2c ). The synthesis conditions of the AAMs can be found in Table S1 in the supporting information. At higher potential, less ordered porous structures are formed and a reduction of the pore circularity is clearly observed (Figures 2d and 2e ). This can be attributed to an increase of the volume expansion associated with the formation of aluminum oxide at the metal/oxide interface and a reduction of the time for the self-organized formation of hexagonal pores arrays. 28 A positive correlation between anodization potential and interpore distance was also observed with a gradient value of 2.3 nm V -1 close to the 2.5 nm V -1 value reported in literature. 29 The interpore distance, porosity, pore density and circularity values can be found in In membrane emulsification, the addition of a surfactant in the continuous phase stabilises the droplets against coalescence and reduces the interfacial tension between the two phases and, thus, decreases the minimum operating pressure needed to push the dispersed phase through the membrane pores. However, previous reports suggested that monodispersed emulsions can be obtained when a lipophilic surfactant is added to the oil phase and a hydrophilic surfactant is added to the water. 31 In the present work, NEs obtained when only a hydrophilic surfactant (1 % wt. Tween 20 in DW) was added to the continuous phase were compared, in terms of droplet size and size distribution, with NEs produced with surfactant in both the dispersed (4 % wt. Span 80 Table S3 in the supporting information.
On the other hand, for a 60 V membrane, monomodal NEs were produced regardless of the additional incorporation of surfactant in the dispersed phase and only slightly wider NEs were obtained at low rotational speeds when SFO was the dispersed phase ( Figure 3b ). The droplet diameter obtained for the complete range of rotational speeds for a 60 V membrane with and without the addition of a surfactant in the dispersed phase can be found in Figure S1 .
The different behaviour for the two membranes under the same process conditions can be explained by a difference in the interpore spacing between the 60 V membrane (117 ± 10 nm) and the 40 V one (101 ± 5 nm). The former might allow adjacent droplets to grow without producing droplet coalescence. Furthermore, previous reports suggested that to avoid droplet coalescence, the incorporation of a surfactant in the dispersed phase is beneficial as this minimises the diffusional distance from the pore tip to the oil/water interface, when the droplet is growing, thereby providing a steady supply of surfactant that avoids droplet coalescence. 31 In the case of the membrane with a smaller interpore distance and no lipophilic surfactant, the bimodal distribution can be explained by droplet coalescence due to the combined effect of the small 13 interpore distance and the slow incorporation of the surfactant molecules (Tween 20) at the oil/water interface when the droplet is growing.
Effect of the type of surfactant
Three different surfactants in the continuous phase were tested to evaluate the effect of varying molecular weight ( Table 1) . The experiments were carried out using 40 V membranes and varying the rotational speed and the dispersed phase incorporating 4 % wt. Span 80 (Figure 4 ).
At a low rotational speed (100 rpm), a considerable reduction of the droplet diameter with decreasing molecular weight of the surfactant was observed. In addition, droplets with a narrower size distribution were produced. This effect can be explained in terms of the surfactant diffusion coefficients (Ds), which can be estimated using the Stokes-Einstein equation:
where k is the Boltzmann constant, T is temperature, µ is viscosity of the continuous phase, and
Dh is the hydrodynamic diameter, which can be considered as equal to 2Rg, the surfactant's gyration radius \ ] = _ K.L • 10 ab c, and Mw is the molecular weight of the surfactant.
Furthermore, the diffusion coefficient is related to the surfactant mass transfer coefficient (ks) by:
where t is the droplet formation time. 32 The last two equations express the fact that surfactants with higher molecular weight have a larger hydrodynamic diameter and slower diffusion from the bulk of the continuous phase to the oil/water interface. A surfactant with a lower diffusion coefficient will have a lower mass transfer coefficient and will cause an increment of the droplet formation time, leading to the formation of bigger droplets and wider size distributions.
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In Figure 4 , it is observed that upon increasing the rotational speed, beyond a certain threshold the effect of the surfactant molecular weight on the droplet diameter becomes minimal, with only a narrowing of droplet size distribution due to the higher shear rate (as discussed below). The results for the 40 V membrane show that above 300 rpm there is only a weak effect of both the rotational speed and the injection rate on the droplet diameter. For the three injection rates tested, the droplet diameters lie in a range from 144 to 275 nm. However, droplets as small as between a 40 and a 60 V membrane in terms of the rotational speed and droplet size dependence is similar to what was observed previously for micrometer size droplets produced via cross-flow ME where the smaller the pore size, the smaller the shear stress value needed for droplet detachment. 33 The authors have shown something similar at the nanoscale in cross-flow configuration. 20 
Effect of the injection rate
Effect of the pore size
The effect of the membrane pore size on the droplet diameter was evaluated by fabricating
AAMs at different voltages to achieve different average pore sizes (Table S1 and Figure 2f ). the shear stress is not high enough to produce droplet detachment and bigger droplets with wider size distribution are obtained. In this region, the sharpest decrease on the droplet diameter is observed especially at the lowest rotational speeds (100 rpm), a trend previously reported for membrane emulsification using flat membranes at the micrometer scale. 34, 22 A distinct behaviour is observed at higher rotational speeds (> 1000 rpm) where the droplet diameter is nearly independent of rotational speed (Figure 6b ). The behaviour of the droplet diameter at these high rotational speeds shows that the minimum value of the droplet has been reached and consequently the membrane pore size and rotational speed will be the key parameters for controlling the droplet size.
Another trend observed is that wider droplet size distributions are obtained with the increase on the membrane pore size along all the rotational speeds. The last is a consequence of the decrease on the membrane quality in terms of pore circularity, as can be seen in Figures 2c, 2d and 2e. As discussed in Section 3.1, during membrane fabrication higher potentials produce less ordered porous structures with wider pore size distributions and an increase in the pore heterogeneity.
These translate into the formation of NEs with wider size distributions, an issue that cannot be overcome with an increase on the rotational speed.
As the main parameters influencing droplet size are membrane pore size and shear stress, it is convenient to express the contribution of both parameters in a single dimensionless number, the Euler number: 
Stability of emulsions
The stability of the NEs was evaluated by analysing a sample by DLS at 20 ˚C the same day that it was produced and after twelve days stored at 8 ˚C. The average droplet diameter was 200 ± 30 nm and 207 ± 50 nm in the first and second analysis, respectively. The negligible difference in the droplet size between both analyses suggests that no coalescence occurred during storage.
Process modelling
Five different models from literature presented in Table 2 were used to estimate the droplet size and compared with experimental values from NEs obtained using a 40 V membrane, using the dimensions described in Figure 1 for the membrane and experimental apparatus.
To estimate the droplet diameter, the shear stress was calculated as described in the introduction section (Eq. 9 and 10). Figure 7 shows the shear stress profile along the membrane radius for different rotational speeds. For each rotational speed, the highest point in the curve represents the critical radius (rc). The estimated droplet diameter values for each model was calculated using the shear stress value at the critical radius because that will give the lowest droplet diameter that the model can predict. Figure 8 shows a comparison among the experimental and the estimated droplet diameters for the five models for a 40 V membrane. The results are tabulated in Table S4 in the supporting information.
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The first and second model are a force and a torque balance, respectively. 22 For both models, the buoyancy and the inertial forces have been neglected. The droplet diameters show a decrease in the droplet diameter as the shear stress increases, as in the experiments, but a comparison between the experimental values and the theoretical values from both models at the highest rotational speed (1750 rpm) produces an overestimation of 643 % and 170 % of the droplet diameter for the torque and force balance, respectively. Comparison between droplet size estimations obtained from the four different models and the experimental data for a NEs prepared using a 40 V membrane (58 ± 6 nm).
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The similarity observed in Figure 8 between the Suarez model and the torque balance 22 for all the rotational speeds is due to the similar magnitude between the static pressure force and interfacial tension force (See supporting information, Figure S2 ). All of these models have been developed for emulsions and membrane pore sizes in the micrometer range, giving good results for these larger droplets. On the other hand the fifth model was developed by the authors, 20 for crossflow ME with membrane pores in the nanometer range and is a two equation system where drag, buoyancy and interfacial tension force are considered. This model results in a much smaller overestimation of 34 % at the highest shear rate, providing a better, while not yet ideal, fit with the experimental data.
For the four applied models, the predicted values tend to converge at higher rotational speeds, while larger discrepancies with the experimental values were observed at low rotational speeds.
This difference can be attributed to the fact that, at low rotational speed, below 200 rpm, the magnitude of the buoyancy force becomes significant. 18 In addition, the magnitude of the drag force is relatively low and the ratio between these two forces will be smaller. In fact, at the lowest rotational speed, the drag force is just two orders of magnitude higher to the buoyancy force, while at the highest rotational speed the ratio increases to about five orders of magnitude.
Furthermore, results in this work here show that at low rotational speeds surfactants play a major role, a factor that is not directly accounted for in any of the models present in the literature. Figure S2 shows the magnitude of each force for both rotational speeds.
Conclusions
In the present work, the formation of nanoemulsions by membrane emulsification in a stirred-cell setup using bespoke AAMs is reported for the first time. The AAMs were synthesized under specific experimental conditions to obtain different pore sizes and subsequently tested for different process and surfactant parameters for NE production.
The NE results demonstrated that the addition of a lipophilic and a hydrophilic surfactant in the dispersed and the continuous phase, respectively, was beneficial, especially when the membrane has a small interpore distance. A rapid decrease of the interfacial tension caused by the presence of the surfactant in the dispersed phase led to a reduction of droplet formation time, and monodispersed droplets with smaller droplet size distributions were obtained. When surfactants were added in both phases, the effect of the molecular weight of the surfactant in the continuous phase was significant only at low rotational speeds due to a low mass transfer of the surfactant in the continuous phase to the oil/water interface when the droplet was growing. In ME, a critical aspect is a fast provision of surfactant during the droplet growth step and this was achieved by the incorporation of surfactant in the dispersed phase (due to a small diffusion distance from the bulk of the dispersed phase to the oil/water interphase). Therefore, the effect of the molecular weight of the surfactant in the continuous phase becomes minimal.
The shear stress exhibited a negative correlation with the droplet size and droplet size distribution. The results demonstrated that the smaller the pore size the lower shear stress needed to achieve droplet detachment. As expected, the droplet size was proportional to the pore size, with values of the ratio (Dd/Dp) ranging from 1.8 to 3.5. These low proportionality values are due to the narrow pore size distribution that characterize AAMs, compared to other membranes.
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Five droplet size estimation models for ME were compared to experimental data. The five models led to an overestimation of the droplet size, especially at low rotational speeds. A model produced by the authors, which, unlike the others, considers the effects of buoyancy and inertia, produced a better estimation across the entire range of rotational speeds, showing that these forces cannot be ignored at the nanoscale.
Supporting information is available free of charge on the ACS Publication website.
Synthesis conditions for the production of AAMs (Table S1 ), properties of the synthesized AAMs (Table S2) , droplet size of NEs obtained using a 40 V membrane under different surfactant conditions (Table S3) , droplet diameter of NEs obtained at for a 60 V membrane under different surfactant conditions ( Figure S1 ), comparison of the experimental NEs obtained with current droplet diameter estimation models (Table S4) , magnitude of the different forces acting over a droplet in a stirred-cell setup for ME ( Figure S2 ).
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